Staphylococcus aureus and
latter studies proposed that PS/A was a high-molecular-weight polymer of ␤(1-6)-linked glucosaminyl residues substituted on the amino group with succinate and acetate groups (20, 21) . However, a complete chemical and structural analysis of PS/A has not yet been reported.
Another polysaccharide component of the S. epidermidis and S. aureus biofilm matrix is a structurally related homoglycan of ca. 28 kDa in size that has been described as a ␤(1-6)-linked N-acetylglucosamine polymer containing ca. 80% acetate substituents and small amounts of O-linked succinate and phosphate (16) . This material is referred to as polysaccharide intercellular adhesin (PIA). PIA and PS/A are closely related chemically and immunologically and both are synthesized by the protein products of the icaADBC locus (8, 20) . PIA had been proposed to be functionally distinct from PS/A, with PS/A mediating initial adherence to solid surfaces and PIA mediating accumulation of cells into biofilms (16, 17) , although data evaluating PS/A's function indicate that it can mediate both processes (20) . PIA also mediates hemagglutination of erythrocytes by S. epidermidis strains and has been found to be an important virulence factor in the pathogenesis of S. epidermidis biomaterial-associated infections (7, 18, 25, 26) .
For this report we conducted a full chemical characterization of S. aureus PS/A and investigated some of its immunochemical properties. Using multiple analytical techniques we were able to demonstrate that the true chemical structure of PS/A is poly-␤(1-6)-N-acetylglucosamine (PNAG) and not poly-␤(1-6)-N-succinylglucosamine as previously reported (20) . Our results found that PS/A and PIA are chemically related, but they can be differentiated based on several properties. These two polymers differ in terms of their molecular size, their biophysical properties, the degree of N acetylation, the degree of O succinylation, and immunogenicity. It also became clear that high-molecular-weight isoforms of PNAG are highly immunogenic when injected into mice and rabbits and that anti-PNAG antibodies can mediate the opsonophagocytic killing of various staphylococcal strains.
MATERIALS AND METHODS
Bacterial strains. The S. aureus strain used in this study to purify antigen was MN8m, a constitutive, high-level producer of PS/A that has been described previously (21) . S. aureus strains Reynolds, Newman, and 5827 were used in opsonophagocytic assays, as was S. epidermidis strain M187 (20) . S. aureus strain MN8 with an interrupted ica locus was derived as described by Sarah Cramton and Fritz Goetz, Tubingen, Germany (4) , and used to adsorb sera used in the phagocytosis assays.
Purification of PS/A. PS/A was prepared from 16-liter cultures of a CDM based upon RPMI 1640 AUTO-MOD, a preparation of RPMI modified to allow sterilization by autoclaving (Sigma, St. Louis, Mo.). The CDM was supplemented with additional amino acids, vitamins, and nucleotides to adjust their concentration to those found in other CDM (11) . The medium was also supplemented with sucrose and glucose to a final concentration of 1%.
Cultures were inoculated with a single colony of S. aureus MN8m from a tryptic soy agar plate grown at 37°C. Batch cultures were incubated at 37°C for 96 h, while being continuously stirred and flushed with oxygen at a rate of 2 liters/min. The pH was maintained at 7.0 throughout the growth period by the addition of 10 N NaOH via a pH titrator. Bacteria were sedimented at 9,000 ϫ g for 30 min, and the supernatant was concentrated to an ϳ500-ml via tangentialflow filtration (10,000-molecular-weight cutoff) and precipitated by the addition of 2 volumes of ethanol. After overnight dialysis against distilled water, the antigen was insoluble and was suspended in 50 ml of phosphate-buffered saline (PBS) to be digested with lysozyme (0.5 mg) and lysostaphin (0.5 mg) for 16 h at 37°C. Antigen suspensions were further treated with nucleases (0.5 mg) at 37°C for 16 h, followed by overnight incubation with proteinase K (5 mg) at 37°C. After dialysis and lyophilization, dried extracts were dissolved in 5 M HCl and the pH was adjusted to 2 with 5 N NaOH. Aliquots (20 ml) of this solution were size fractionated on a 5-by-88-cm column packed with Sephacryl S-300 (Pharmacia, Piscataway, N.J.) by using 0.1 N HCl-0.15 M NaCl buffer with the eluted polysaccharide identified by optical absorption at 206 nm. Fractions corresponding to the various peaks were separately pooled, dialyzed against water, and lyophilized.
Colorimetric assays. Hexosamine was determined by the method described by Smith and Gilkerson (14) with N-acetylglucosamine as the standard. Hexose was quantified by the phenol-sulfuric acid method with glucose as the standard (5). Pentoses were quantified by the ferric-orcinol assay by using xylose as the standard (3). Ketoses were determined by the phenol-boric acid-sulfuric method with fructose as the standard (3). Phosphate content was determined by the method of Lowry (15) with NaH 2 PO 4 as the standard. Proteins were estimated with the Bradford assay (2) with bovine serum albumin as the standard. The amount of free amino groups on the polysaccharide samples was determined by the trinitrobenzene sulfonic acid (TNBS) method with glucosamine as the standard (10) .
GLC. Succinate was quantified by gas-liquid chromatography (GLC) after the treatment of the antigens with 0.2 M NaOH at 65°C for 2 h. Hydrolyzed samples were acidified with concentrated sulfuric acid and derivatized overnight to methyl esters in boron-trifluoride methanol at 56°C. GLC was carried out on a Shimadzu 14A chromatograph (Shimadzu, Kyoto, Japan) by using a Supelcovax 10 column (0.55 mm by 30 m; Supelco, Bellefonte, Pa.). The temperature of injection was 225°C, and samples were run isothermically at 155°C by using N 2 as carrier gas (30 ml/min).
1 H-NMR spectroscopy. 1 H-nuclear magnetic resonance (NMR) spectra were recorded on a Varian VXR500 spectrophotometer in D 2 O at 25°C. A total of 4 mg of S. aureus polysaccharide samples/ml were dissolved in 5 M DCl and neutralized with an equal volume of 5 M NaOD. The resulting polysaccharide solutions were exchanged into D 2 O by five cycles of concentration and dilution by using a Centriprep-10 cartridge (Amicon, Beverly, Mass.). The chemical shifts were given on the ␦ scale relative to 3-(trimethylsilyl)-propionic-2,2,3,3-d 4 . In the case of maltose and cellobiose NMR spectra were taken after samples were dissolved in D 2 O. The measurement conditions were as follows: a spectral window of 8,000.0 Hz, a pulse angle of 48.6°, an acquisition time of 1.89 s, and 32 scans with a delay of 1 s between scans.
High-performance-anion-exchange chromatography (HPAEC). Fifty micrograms of each polysaccharide were dissolved in 2 ml of 3 M trifluoroacetic acid (TFA) and hydrolyzed at 100°C for 18 h. Hydrolyzed samples were dried under nitrogen at 50°C, resuspended in 10 ml of filtered deionized water and dried and resuspended for two more cycles to remove volatile TFA. Dried samples were suspended in 1 ml of deionized water and injected into a Dionex HPLC system (Dionex, Sunnyvale, Calif.). Samples were chromatographed on a CarboPac PA1 column (4 by 250 mm; Dionex) equilibrated with 20 mM NaOH at a flow rate of 1 ml/min. Monosaccharides were detected with a Pulsed Amperometric Detector with a gold electrode and applied potential of 0.05 V. After the elution of monosaccharide peaks, the electrode was regenerated with 9 ml of 200 mM NaOH and reequilibrated in 20 mM NaOH for each sample run. A group B Streptococcus capsular polysaccharide with a known structure containing Nacetylglucosamine, galactosamine, and glucose was prepared in the same manner to identify peaks corresponding to these monsaccharides.
Determination of PNAG molecular mass. The molecular mass of PNAG-I, -II, and -III was determined with a Superose 6HR 10/30 column (Pharmacia, Piscataway, N.J) equilibrated with of a 0.2 M glycine HCl-0.15 M NaCl (pH 4) buffer. Samples were loaded and eluted at flow rate of 0.5 ml/min, and polysaccharides were detected by the hexosamine assay of Smith and Gilkerson (14) . Using dextran standards of various molecular mass a linear relationship was obtained between the logarithm of the molecular mass and elution volume of the standards.
ELISA. Immunolon 1 plates (Dynatech Laboratories, Chantilly, Va.) were coated at 37°C for 2 h with PNAG (4 g/well) suspended in 0.04 M phosphate buffer (pH 7.4). The plates were rinsed three times with PBS, blocked with 5% skim milk for 1 h at 37°C, and rinsed again three times with PBS. Antibody samples were then diluted either twofold (for mouse antisera) or fourfold (for rabbit antisera) in 5% skim milk with 0.05% Tween 20, incubated for 1 h at 37°C, washed again, and incubated with appropriate alkaline phosphatase-conjugated secondary antibody (Sigma) for 1 h at 37°C. After washes, plates were incubated with p-nitrophenylphosphate substrate, and the optical density at 405 nm (OD 405 ) was determined by an enzyme-linked immunosorbent assay (ELISA) plate reader (BioTek Instruments, Winoski, Ill.) after a 1-h incubation. Titers were calculated by plotting the data as the serum dilution versus the OD 405 value and then identifying the values that lay on the linear portion of this curve. Background readings were automatically subtracted. The linear values were used to generate a formula for the line by using regression analysis, and the formula solved for the intersection of the plotted line with zero on the y axis. Thus, the titer was the serum dilution giving a final OD 405 value of 0 under the conditions of the assay (i.e., endpoint titer).
Antiserum. Antibodies to purified PNAG-I were raised in New Zealand White rabbits by subcutaneous immunization with two 100-g doses of polysaccharide emulsified for the first dose in complete Freund adjuvant and for the second dose in incomplete Freund adjuvant, followed 1 week later by three intravenous injections of antigen in saline spaced 3 days apart. Rabbits were bled every 2 weeks and sera tested by ELISA.
Immunogenicity of PNAG fractions in mice. Groups of five mice (SwissWebster; female, 5 to 7 weeks of age) were immunized intraperitoneally, 1 week apart, with 100, 50, or 10 g of PNAG-I, -II, or -III suspended in saline and bled 1, 2, and 5 weeks after the third immunization. For experiments with PNAG-780 kDa immunization doses were 10, 1, or 0.1 g spaced 1 week apart, and the mice were bled 1, 3, and 5 weeks after the last immunization.
Opsonophagocytic assays. Polymorphonuclear neutrophils were prepared from fresh human blood collected from healthy adult volunteers. A total of 25 ml was mixed with an equal volume of dextran-heparin-sulfate buffer (20 g of Dextran 500/liter, 65.6 g of heparin sulfate/liter, 9 g of sodium chloride/liter) and incubated at 37°C for 1 h. The upper layer containing the leukocytes was collected, and hypotonic lysis of the remaining erythrocytes was accomplished by resuspension in 1% NH 4 Cl. Subsequent wash steps were performed with RPMI with 15% fetal bovine serum (HyClone). After trypan blue staining, the viable polymorphonuclear neutrophil count was adjusted to 4 ϫ 10 6 neutrophils per ml. The complement source (baby rabbit complement; Accurate Chemical and Scientific, Westbury, N.Y.) was adsorbed with S. aureus MN8m to remove antibodies that could react with the target strain. An isogenic mutant of S. aureus MN8m lacking the intact ica locus (20) was used to adsorb pre-and postimmune sera to provide specificity of the reaction for the PNAG antigen. After overnight growth 4434 MAIRA-LITRÁ N ET AL. INFECT. IMMUN.
at Penn State Univ on April 17, 2008 iai.asm.org in tryptic soy broth, bacterial cells were centrifuged, the pellet resuspended in 1 ml of a 1:15 dilution of complement or a 1:10 dilution of test serum and incubated at 4°C for 1 h for adsorption. All suspensions were again centrifuged and filter sterilized prior to use, and the sera further diluted for evaluation in the opsonophagocytic assay.
The opsonophagocytic assay was performed with 100 l of leukocytes, 100 l of bacteria (adjusted to 2 ϫ 10 7 /ml RPMI with 15% fetal calf serum spectrophotometrically and confirmed by viable counts), 100 l of the test serum dilution and 100 l of the complement source. The reaction mixture was incubated on a rotor rack at 37°C for 90 min; samples were taken at time zero and after 90 min. Each tube was sonicated for 5 s at 4 W (Sonic Dismembrator) and then diluted in tryptic soy broth containing 0.5% Tween and plated onto tryptic soy agar plates. Tubes lacking any serum and tubes with normal rabbit serum were used as controls. The percentage of killing was calculated by first dividing the mean CFU determined in the tubes with bacteria, complement, leukocytes, and sera with the mean CFU determined in tubes with bacteria, complement, and a 1:10 dilution of immune serum but lacking leukocytes. This ratio was multiplied by 100, and the quotients were subtracted from 100 to calculate the percentage of bacteria killed. The assay was repeated two to three times and mean and standard error of the mean (SEM) values for the percentage killing at each dilution determined.
RESULTS

Purification and chemical characterization of PS/A.
In this study we purified large quantities of PS/A from S. aureus MN8m, a strain that overproduces this polysaccharide (21) . PS/A was extracted from supernatant cultures rather than from bacterial cells as previously described (20, 21) , digested with enzymes, and further purified by gel filtration on Sephacryl S-300. PS/A eluted beginning at the void volume, followed by a long, slowly declining profile, eventually descending to baseline readings (Fig. 1 ). Fractions were pooled (Fig. 1) and designated PNAG-I, PNAG-II, and PNAG-III. When the colorimetric assay of Smith and Gilkerson was used to analyze these three major fractions, we found these samples to be very rich in hexosamine (82 to 99%) ( Table 1 ). Further chemical analysis showed that the levels of both phosphate and ketose were low in all three PNAG samples, whereas hexoses, pentoses, uronic acids, and the protein concentration were below the level of detection ( Table 1 ). The absence of hexoses, as well as the low levels of phosphate (Ͻ0.2%), found in all three polysaccharide fractions argues against any significant contamination of these antigen preparations with teichoic acids.
A minor component of PIA, termed polysaccharide-II, contains O-linked succinate residues. Succinate was reported to be present at a molar ratio of 0.06 to total glucosamine (16) . We determined the amount of O-succinate residues in the three PNAG samples by GLC after samples were hydrolyzed for 2 h under mild alkaline conditions. Succinate was detected in all three samples at concentrations that ranged between 2.41 and 2.85% (Table 1) . Thus, the levels of O-linked succinate in PNAG were higher than those reported for the polysaccharide-II of PIA.
In the 1 H-NMR spectrum of PNAG-I in deuterated water (D 2 O) (Fig. 2) , the resonance at ca. 2.062 ppm can be easily assigned to the N-acetyl protons with no other acetyl protons such as O-acetyl protons detected. We estimated the degree of N acetylation from the ratio of the integral intensity of the   FIG. 1 . Fractionation of S. aureus MN8m crude extract by size exclusion chromatography. Column chromatography was performed by using Sephacryl S-300 as described in Materials and Methods. The material of fractions 32 to 39, 40 to 50, and 51 to 65 were pooled and are referred to as PNAG-I, PNAG-II, and PNAG-III, respectively. N-acetyl groups to the sum of integral intensities of the H-1 (␦ 4.5 ppm), H-2, H-3, H-4, H-5, H-6a (␦ ϭ 3.3 to 4 ppm) and H-6b (␦ ϭ 4.17 ppm) groups. The results from these calculations showed 95% of the glucosamine residues in PNAG-I were substituted with acetate residues. NMR spectra of PNAG-II and PNAG-III were almost identical to that of PNAG-I (data not shown), and the degree of N acetylation was 100% in both of the smaller polysaccharides. The degree of N acetylation that was estimated from the number of free amino groups identified in the 1 H-NMR spectrum confirmed the high level of substitution with acetate. Further analysis of the level of the free amino groups in all three of the PS/A samples with the TNBS reagent revealed the presence of 2.8 to 7.9% free amino groups in the different antigen preparations (Table 1) . Overall, the degree of N acetylation obtained by the TNBS assay correlated well with those calculated by 1 H-NMR spectroscopy.
1 H-NMR analysis of PNAG did not reveal the presence of N-linked succinate signals as previously described (20) . We searched for succinate by 1 H-NMR spectroscopy after PNAG was purified from S. aureus and S. epidermidis cultures grown under various growth conditions (CDM-rich media; 24 to 96 h of incubation, pH 4.5 to 7) and multiple purification methods. Table 2 . The H-1 of maltose and cellobiose involved in the glycosidic linkage had chemical shifts and coupling constants as expected for an ␣ and ␤ configuration, respectively (Table 2) . 1 H-NMR analysis of PNAG-I, PNAG-II, and PNAG-III under the same conditions used for these disaccharides showed that both the chemical shift and the coupling constant values were consistent with a ␤ linkage between the glucosamine residues ( Table 2) .
The monosaccharide composition of PNAG-I, PNAG-II, and PNAG-III was determined by HPAEC analysis after samples were hydrolyzed in 3 M TFA for 18 h at 100°C. HPAEC data revealed glucosamine as the single sugar component in all three S. aureus PS/A fractions (data not shown). These results are consistent with our extensive 1 H-NMR data from native and acid-hydrolyzed PNAG antigens and are in agreement with those reported by McKenney et al. (20) using S. epidermidis, as well as recombinant S. carnosus (pCN27) that contained a cloned icaADBC locus that expresses what was referred to as the PS/A antigen.
In any glucosamine polymer, periodate sensitivity would only be present if there was a 1-6 linkage between the monosaccharides. All other potential linkages would be periodate resistant, since no vicinal carbons containing free hydroxyl groups would be present. Periodate oxidation (0.2 M for 14 h at room temperature) of all three polysaccharide fractions led to an almost complete loss of their serological reactivity, indicating a 1-6 linkage between glucosamine residues.
Earlier studies (30) on the previously described PS/A antigen purified from either S. epidermidis RP62A, S. epidermidis M187 or S. carnosus (pCN27) have only given a partial characterization of its molecular mass. These reports indicated that a major fraction of this PS/A eluted in the void-volume frac- tions of a Sepharose 4B column and had a molecular mass higher than 100 kDa. We used a more accurate method to determine the molecular mass of S. aureus PNAG antigens by gel filtration on a Superose 6HR column calibrated with a series of molecular weight standards. The results showed average molecular masses of 460 kDa for PNAG-I, 100 kDa for PNAG-II, and 21 kDa for PNAG-III. All three PNAG antigens are insoluble in water, organic solvents (such as acetone, pyridine, chloroform, or dimethyl sulfoxide), and commonly used buffers regardless of their pH. PNAG-II and PNAG-III became completely soluble in 5 M HCl or 5 M NaOH, whereas PNAG-I forms homogenous suspensions in these solvents. After neutralization, the antigens remained either soluble or as a homogenous suspension, but if they were again dialyzed they became insoluble and could only be resolubilized by initial dissolution in strong acid or base.
Altogether, these results demonstrate that the chemical form of the previously characterized S. aureus and S. epidermidis PS/A antigens is PNAG and that the molecular weight appeared to be the major chemical difference among the three samples.
Immunological properties of PNAG. In four polyclonal immune rabbit antisera to PNAG-I titers by ELISA of ca. 20,000, 83,000, 231,000, and 1,100,000 were determined. These results show that PNAG-I was highly immunogenic, although individual rabbit responses were variable. Mean IgG titers of mice immunized with 100 g of PNAG-I increased steadily after immunization (Fig. 3A) , whereas PNAG-II and III failed to elicit a detectable IgG response at any dose (data not shown). All preimmune titers were Ͻ25. The fact that the highestmolecular-weight antigen, PNAG-I, was the only one capable of eliciting an IgG response in mice prompted us to investigate the role of molecular size in the immune response to this antigen. Therefore, we further purified PNAG-I on Sephacryl S-300 to obtain a small fraction of PNAG with an average molecular mass of 780 kDa (PNAG-780), as determined by Superose 6HR gel filtration (data not shown). Mice were immunized with 0.1, 1.0, or 10 g of PNAG-780 and sera collected 1, 3, and 5 weeks after the last immunization. Figure 3B shows that mice immunized with 10 g of PNAG-780 had a higher antibody titer (titers of 240 to 620) than mice immunized with the same dose of PNAG-I-460 (titers of 150 to 180). The mean titers at 1 week for 10 g doses of PNAG-I-460 and PNAG-780 were 187 Ϯ 15 and 237 Ϯ 3, respectively (P Ͻ 0.001, two-sample t test), and at 5 weeks they were 151 Ϯ 8 and 587 Ϯ 27, respectively (P Ͻ 0.001, two-sample t test). These results suggest that size per se might play an important role in PNAG immunogenicity. We also tested by ELISA sera from individual mice in the groups immunized with either 100 g of PNAG-I or 10 or 1 g of PNAG-780 to assess variability in the individual animal's responses. Sera from individual animals immunized with 100 g of PNAG-I (diluted 1:50) and 10 and 1 g of PNAG-780 (diluted 1:100) gave OD 450 values that ranged between 0 and 2.5, indicating high variability among individual mice in their response to PNAG. We deliberately used outbred Swiss-Webster mice to determine the range of titer to expect in an outbred population. All three PNAG antigens elicited high IgM titers in a dose-dependent fashion that in general declined during the weeks postimmunization (Fig. 4) .
Opsonophagocytosis of staphylococcal strains by serum raised to PNAG. We investigated the ability of antibodies raised to PNAG in two rabbits to mediate killing by human polymorphonuclear leukocytes in the opsonophagocytic assay using four different clinical staphylococcal strains. For these experiments we used one strain of S. epidermidis (M187) that constitutively expresses PNAG and three S. aureus strains (Newman, Reynolds, and 5827) that produce variable levels of this surface polysaccharide in vitro. These four clinical isolates all produce considerably lower levels of PNAG than the constituve, high-level producer of PS/A, S. aureus MN8m. Incubation of bacteria with human peripheral blood leukocytes, a complement source and PNAG-immune rabbit sera at a dilution of 1:10, resulted in ca. 50 to 75% killing of the bacteria (Fig. 5) . Progressive dilution of the sera resulted in concomitant reductions in the number of bacteria killed in the assay (18 to 45% killing at1:80 dilution). Preimmune sera did not yield any opsonic killing Ͼ15% at a dilution of 1:10. These results show that phagocytosis and bacterial killing of various staphylococcal strains can be mediated by a population of antibodies to PNAG contained in immune sera.
DISCUSSION
The availability of S. aureus strain MN8m, a high-level producer of staphylococcal PNAG, was critical to purification of the previously described staphylococcal PS/A and to achieve high yields of this surface polysaccharide. Strain MN8m is a derivative of strain MN8, a prototypical producer of toxic shock syndrome toxin 1 (1). Strain MN8m was isolated from a fermenter culture of strain MN8 and, upon subculture on solid medium, had a highly mucoid colony appearance. Overproduction of cell-free PNAG by this strain permitted use of culture supernates to purify the antigen. PNAG from strain MN8m, like previously described preparations designated PS/A (20) , was insoluble at neutral pH after precipitation from the culture supernatant with ethanol and remained insoluble until dissolved in 5 M HCl or 5 M NaOH. The typical yields obtained obtained by earlier methods (0.5 to 2 mg/liter of culture) (20) were substantially increased (up to 75 mg/liter of culture) by using S. aureus strain MN8m and the purification protocol described above. Finally, the analysis of PNAG recovered from the overproducing strain indicated that it is chemically and structurally identical to similar preparations obtained from wild-type strains, indicating there has been no alteration to the molecule as a result of the high level of synthesis. In protocols previously published for purifying PS/A it was found necessary to treat crude extracts with 24% (vol/vol) hydrofluoric acid (HF) at 4°C for 48 h (20) to remove charged contaminants such as teichoic acids. When we used HF to remove contaminants from the PNAG antigens isolated from strain MN8m, there was some degradation of the overall molecular size of the antigen (initially observed by C. Abeygunawardana, J. Joyce, and G. Mark III), although the degree of acetylation was maintained at ca. 95% as determined by NMR spectroscopy. We found, however, that if PNAG-containing extracts were first suspended in 5 M HCl and then the pH brought up to 2 for chromatography in a 0.1 N HCl and 0.15 M NaCl buffer on a Sephacryl S-300 gel, we were able to obtain a significant yield of polymers of PNAG with a mean molecular mass of 460 kDa. This material also had minimal contamination with phosphate (Ͻ0.2%), which is indicative of teichoic acid contamination. The dissolution of the PNAG in 5 M HCl prior to size chromatography and use of acidic chromatography buffers appeared to help in removing phosphate-containing contaminants that eluted long after all of the PNAG polymers.
Using various colorimetric assays we were able to determine that all PNAG antigens were mainly composed of hexosamine and contained minimal or negligible amounts of other potential contaminants such as protein, hexoses, pentoses, ketoses, or uronic acids. These results were confirmed by HPAEC, which revealed glucosamine as the only sugar component in all three PNAG fractions, and were in agreement with our NMR data from native and acid-hydrolyzed antigens, as well as the data derived by others (J. Joyce, unpublished data). Although the hexosamine content of all three PNAG fractions was high, PNAG-I had a slightly lower amount of glucosamine (ca. 82% of total sample). In order to quantify the hexosamine concentration of PNAG with the Smith and Gilkerson assay, antigens Further structural analysis demonstrated that the three fractions of PNAG polymers were all chemically composed N-acetyl-␤(1-6)-glucosamine, which confirmed an initial finding by Abeygunawardana et al. (unpublished data) about the composition of this polymer. The degree of acetylation of the PNAG antigens calculated both by NMR spectroscopy and the TNBS assay were consistently very high (92 to 97%), but no N-linked succinate was detected in any of the preparations. This study therefore corrects previous reports (20, 21) which proposed that succinate was substituting between 65 to 100% of the amino groups of the previously characterized PS/A. Peaks corresponding to what appeared to be succinate were clearly present in the NMR spectra of the previously described PS/A antigens (21), but their presence was due to generation of breakdown products of glucosamine due to the use of strong hydrolysis conditions that were needed to solubilize the highmolecular-weight polysaccharide for NMR analysis. Details of the basis for this misidentification have been submitted for publication.
PNAG and the analogous antigen, PIA, share a common ␤(1-6)-polyglucosamine backbone but differ, among other things, in their molecular mass. PIA had an average molecular mass of 28 kDa and therefore is unequivocally smaller than PNAG-I and PNAG-II. One likely explanation for this difference in molecular mass might be found in the protocol used by Mack et al. (16) to purify PIA. PIA was extracted from S. epidermidis cells by sonication in PBS. This was followed by two consecutive centrifugation steps used to remove cell debris and clarify the extracts (16, 17) . We believe that any high molecular mass, PNAG-I-or PNAG-II-like polymers present in these extracts would have been readily removed by such centrifugation steps due to the insolubility of the larger-size PNAG polymers. In addition, other steps in the protocol used by Mack et al. (16) likely selected for the soluble fractions of PIA, and in this way it might have enriched the preparations with the smaller molecular mass polymers.
Mack et al. (16) reported levels of O-linked succinate of 0.01 to 0.06 (molar ratios to total glucosamine) for the polysaccharide I and II of PIA, respectively. The values of O-linked succinic acid residues found in this work are ca. 100 times higher than those reported for the polysaccharide II of PIA, and therefore this represents yet another chemical difference between PNAG and PIA. However, whether this difference would be maintained among PNAG isolated from other strains or under other growth conditions is not known.
Capsular polysaccharides are generally considered to be Tindependent type 2 (TI-2) antigens, since they can stimulate specific antibody production in the absence of T-lymphocytes. High-molecular-mass polysaccharides containing many repeating epitopes are able to cross-link multiple polysaccharidespecific surface immunoglobulin receptors on B cells, leading to cellular proliferation and differentiation. The TI-2 antigen response leads to the generation of plasma cells that secrete specific antibodies, predominantly IgM, and lower amounts of IgG in mice and in humans. PNAG elicited responses in adult mice that showed the typical characteristic of a TI-2 antigen. IgM antibody titers were initially high in mice immunized with all three PNAG antigens and exhibited a dose-dependent response but rapidly declined within 5 weeks of the last immunization. On the other hand only the highest-molecular-mass PNAG antigen, PNAG-I elicited IgG antibodies, and the titer increased over the 5-week period of assessment. Furthermore, when a small amount of a very high-molecular-mass fraction of PNAG-I was isolated to obtain PNAG-780 and used to immunize mice, we obtained high IgG titers with lower amounts of PNAG-780 compared to the same dose of the PNAG-I fraction. Thus, the larger sized polymers are more efficient at generating an IgG response than their lower-molecular-weight counterparts, and IgG antibodies are usually more protective against infection. IgG responses were also obtained in rabbits immunized with PNAG-I plus adjuvants. In both mice and rabbits there was a high level of variability in the IgG response to PNAG-I, indicating that in outbred populations one might expect PNAG-I to have a variable ability to induce IgG antibodies. This variability may also be the result of prior environmentally introduced infection of some of these animals with staphylococci. Use of other means to enhance the production of IgG antibodies, such as by preparing conjugate vaccines, are currently being pursued. The IgG antibodies elicited in the rabbits were able to mediate opsonic killing, a key feature of protective antibodies against bacterial pathogens (6, 12, 21) . Previous work with PS/A isolated from S. epidermidis indicated an association of IgG opsonic antibodies with protective immunity against bacteremia (13) and endocarditis (29) . In addition, opsonic rabbit IgG antibodies raised to S. aureus PS/A that is identical in structure to the antigen described in this study were broadly protective against a variety of S. aureus strains in a mouse renal infection model (21) . Thus, the ability of the PNAG-I to elicit IgG antibodies will likely be a key feature needed to produce PNAG-based vaccines for further evaluation.
